Background: SK channels are implicated in atrial fibrillation (AF), and diabetes (DM) is a risk factor for AF. Results: Atrial SK2 and SK3 are significantly down-regulated from accelerated turnover in diabetic mice, resulting in action potential prolongation and arrhythmias. Conclusion: SK channel down-regulation may lead to arrhythmogenesis. Significance: SK channel down-regulation contributes to atrial electrophysiological dysfunction in DM.
Diabetes mellitus (DM) 3 has become a global epidemic. Currently, 29.1 million people in the United States have DM (8.3% of the total population), including 9.3 million who are undiagnosed, with an additional 86 million who are prediabetic (1) . Cardiovascular diseases are the cause of death in more than 50% of diabetic patients, and patients with diabetes have a 2-6-fold increase in the risk of coronary artery disease and stroke (2, 3) . DM is a strong independent risk factor for atrial fibrillation (AF) (4, 5) , and diabetic patients have a higher rate of recurrence after AF catheter ablation and are more prone to progress to permanent AF (6) . However, very little is known about the effects of DM on atrial electrophysiology.
Recently, a genome-wide association study identified the small conductance Ca 2ϩ -activated K ϩ (SK) channel gene as a new locus for AF (7) . SK channels are widely distributed in excitable and non-excitable cells (8) . They belong to the KCNN gene family, and three isoforms have been cloned: SK1 (KCNN1), SK2 (KCNN2), and SK3 (KCNN3) (9) . SK channels have similar topology to members of the voltage-gated K ϩ channel subfamily. They have small conductances (10 -20 picosiemens) that are not activated by voltage but by intracellular free Ca 2ϩ with sensitivity conferred by intimate interaction between calmodulin and each of the four channel subunits (9, 10) . These channels are blocked by the bee venom neurotoxin apamin with differential sensitivity of SK2 Ͼ SK3 Ͼ SK1 (8, 9) . How SK channels are involved in AF is unknown. SK channels have recently been shown to be expressed in cardiac tissue (11) . In this study, we hypothesized that atrial SK channel function is abnormal in DM, resulting in altered cardiac electrophysiology, which in turn may lead to development of arrhythmias.
EXPERIMENTAL PROCEDURES
Development of Type 1 Diabetic Mice-Male mice were purchased from Harlan Inc. (Indianapolis, IN) at 6 -8 weeks of age and received an injection of streptozotocin (100 mg/kg of body weight intraperitoneally) (12) . Control mice received vehicle injections. Mice with blood glucose Ͼ300 mg/dl were considered diabetic and used for experiments after 8 weeks. Handling and care of animals as well as animal procedures were approved by the Institutional Animal Care and Use Committee of Mayo Clinic Foundation.
HL-1 Cell Culture-HL-1 cells, a continuously proliferating cardiomyocyte cell line derived from mouse atrial hyperplastic cardiac muscle cells, were maintained in modified Claycomb medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum, 100 g/ml penicillin-streptomycin, 0.1 mM norepinephrine, and 2 mM L-glutamine (13) . HL-1 cells were cultured with modified Claycomb medium containing either normal glucose (NG; 5 mM) or high glucose (HG; 25 mM) for 2 weeks, which is the time required for the cells to develop oxidative stress from an imbalance between reactive oxygen species (ROS) generation and scavenger enzyme down-regulation as reported previously (14) . Selected HL-1 cells were treated with Tiron (10 mM) after a 2-week culture in HG. Cells were cultured in HG with or without Tiron for another 24 h before harvest (15) .
Western Blot Analysis-Western blotting was performed as described previously (16) . Briefly, isolated mouse atria and HL-1 cells were homogenized, and proteins were separated by polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and then immunoblotted against the following antibodies: anti-SK1 (1:200; Alomone Labs, Jerusalem, Israel), anti-SK2 (1:200; Alomone Labs), anti-SK3 (1:200; Alomone Labs), anti-Cav1.3 (1:200; Abcam Inc., Cambridge, MA), anti-Kir6.2 (1:1000; custom-made), anti-KCNQ1 (1:200; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-HERG (1:200; Santa Cruz Biotechnology, Inc.), anti-GAPDH (1:200; Santa Cruz Biotechnology, Inc.), and anti-␤-actin (1:500; Santa Cruz Biotechnology, Inc.) antibodies. After extensive washing, blots were exposed to horseradish peroxidase-conjugated secondary antibodies, and signals were developed by the Immun-Star HRP Chemiluminescent kit (Bio-Rad). Optical density of the bands was analyzed using Scion Image software (Scion, Frederick, MD). Protein expression was expressed as relative abundance normalized to that of GAPDH or ␤-actin.
Immunoprecipitation Analysis-Immunoprecipitation was performed as we have reported previously (16) . In brief, HL-1 cells were harvested after three washes with phosphate-buffered saline (PBS). The cells collected were incubated with 200 l of radioimmune precipitation assay buffer (50 mM Tris, 150 mM NaCl, 2 mM NaF, 1 mM EDTA, 1 mM EGTA, 1 mM NaVO 4 , and 1% Triton X-100) and 1 l of protease inhibitor on ice for 1 h followed by homogenization and then centrifugation at 8000 rpm at 4°C for 10 min. The supernatant (about 600 g of protein in 600 l) was incubated overnight at 4°C with antinitrotyrosine (Millipore Inc.) antibodies at a final concentration of 5 g/ml. The samples were then incubated with 35 l of Protein G Plus-agarose (Santa Cruz Biotechnology, Inc.) at 4°C overnight with rotation. After centrifugation at 2000 rpm for 3 min and washing three times with radioimmune precipitation assay/protease inhibitor buffer, the immunoprecipitates were collected and eluted from the agarose with 30 l of SDS-PAGE loading buffer. The immunoprecipitates were resolved by SDS-PAGE and blotted against anti-SK channel antibodies.
Action Potential Recordings-Action potential recordings of isolated mouse atrial tissues were performed using standard microelectrode techniques as described previously (17) . Mice were sacrificed after being anesthetized with sodium pentobarbital (100 mg/kg intraperitoneally). The atria were rapidly excised, placed in a temperature-regulated 5-ml chamber, and continuously superfused with oxygenated Tyrode's solution at 4 ml/min at 37°C. The Tyrode's solution contained 129 mM NaCl, 4 mM KCl, 0.9 mM NaH 2 PO 4 , 20 mM NaHCO 3 , 1.8 mM CaCl 2 , 0.5 mM MgSO 4 , and 5.5 mM D-glucose gassed with 95% O 2 and 5% CO 2 and adjusted to pH 7.4. After 30 min of equilibration, the mouse atrial tissue was impaled with a micropipette with a tip resistance of 10 -25 megaohms when filled with 3 M KCl, and the output signals were sampled at 100 kHz without filter by a high input impedance preamplifier (Duo 773, World Precision Instruments, Sarasota, FL). The atrial preparations were paced using a stimulator (Bloom Associates, Ltd., Reading, PA) with a stimulus output at twice diastolic threshold.
Results were analyzed off-line using pCLAMP 10 software (Molecular Devices, Sunnyvale, CA) as described previously (17) . Mouse atrial resting membrane potentials as well as action potential durations at 50 and 90% repolarization (APD50 and APD90, respectively) were measured at a paced cycle length (CL) of 300 ms. The effects of the SK-specific inhibitor apamin (100 pM) on APDs were measured after 15 min of exposure.
Mouse Atrial Myocyte Isolation and Whole-cell SK Current Recording-Single atrial cardiac myocytes were isolated enzymatically as described previously (18) . Mice were anesthetized, and isolated hearts were retrogradely perfused on a Langendorff apparatus (1 ml/min) with nominally Ca 2ϩ -free Krebs-Ringer solution containing 35 mM NaCl, 4.75 mM KCl, 1.2 mM KH 2 PO 4 , 16 mM Na 2 HPO 4 , 134 mM sucrose, 10 mM Hepes, 10 mM glucose, 25 mM NaHCO 3 , pH 7.4 with NaOH and equilibrated with 95% O 2 and 5% CO 2 at 37°C for 5 min. The perfusate was then switched to a nominally Ca 2ϩ -free Krebs-Ringer solution containing 1 mg/ml collagenase (CLS-2, 347 units/mg; Worthington) for another 40 min. The atria were cut into small pieces and stored in KB solution containing 70 mM KOH, 40 mM KCl, 50 mM L-glutamic acid, 20 mM taurine, 0.5 mM MgCl 2 , 1.0 mM K 2 HPO 4 , 0.5 mM EGTA, 10 mM Hepes, 5.0 mM creatine, 5.0 mM pyruvic acid, and 5.0 mM Na 2 ATP, pH 7.38 with KOH.
Whole-cell K ϩ currents in freshly isolated mouse atrial myocytes were recorded from a holding potential of Ϫ60 mV with testing potentials of Ϫ120 to ϩ10 mV in 10-mV increments using an Axopatch 200B integrating amplifier (Molecular Devices), filtered at 2 kHz, and digitized at 50 kHz (16-bit resolution). The glass pipette had a typical resistance of 0.5-1 megaohm after filling with a pipette solution that contained 140 mM KCl, 1.0 mM MgCl 2 , 0.5 mM Na 2 GTP, 5.0 mM Na 2 ATP, 1.0 mM EGTA, 10 mM Hepes, and 0.814 mM CaCl 2 (free Ca 2ϩ concentration, 1 M), pH 7.35 with KCl (16) . The bath solution contained 140 mM N-methylglucamine, 4 mM KCl, 1.0 mM MgCl 2 , 5.0 mM glucose, and 10 mM Hepes, pH 7.4. Cell capacitance was compensated by Ͼ80% as described previously (16) . The SK currents were determined as the K ϩ current component sensitive to 100 pM apamin (19, 20) . All experiments were performed at room temperature (24°C).
RNA Isolation and Real Time PCR-Total RNA from mouse atria was isolated using an RNeasy Mini kit (Qiagen, Valencia, CA) and treated with deoxyribonuclease (DNA-free; Ambion, Life Technologies). RNAs were reverse transcribed using the Thermo-Script RT-PCR System (Invitrogen, Life Technologies) according to the manufacturer's instructions as described previously (21) .
Real time semiquantitative PCR analyses were performed using the ABI PRISM 7700 Sequence Detection System and software. Brilliant SYBR Green QPCR Master Mix was obtained from Stratagene (La Jolla, CA). Primer sequences for specific amplification of SK1, SK2, SK3, and GAPDH were selected from the published sequences: 1) SK1: forward, ATC-CATCAGGCTCAGAAGCTCC; reverse, AGCTCTGACACC-ACCTCATATGC; 2) SK2: forward, ATGGATACTCAGCTG-ACCAAAAGA; reverse, GCTTGCAAGAATTTCCGTTGA-TGC; 3) SK3: forward, TCCTCCAGGCAAGGCAGCCA; reverse, GGGCTTCATGACCCCACCGC; and 4) GAPDH: forward, AACTGCTTAGCACCCCTGGC; reverse, ATGACCT-TGCCCACAGCCTT. We verified that the PCR products were of the expected size and that no other products were obtained before using these primers for real time PCR studies. All samples were run in duplicates, and results were normalized to the reference gene signal (GAPDH). C T was the number of amplification cycles required by each gene to reach a fixed threshold of signal intensity. The practical working range was within C T values of 18 -35. The non-template control C T was 40. Relative abundance was calculated as 2 ⌬CT , where ⌬C T ϭ Test C T Ϫ Control C T (22) .
Intracellular Oxidative Stress Measurements-Unfixed frozen atria from control and diabetic mice were cut into 15-mthick sections and placed on a glass slide. Dihydroethidium (DHE; 2 M) was topically applied to each tissue section and incubated in a light-protected humidified chamber at 37°C for 30 min. Slides were then coverslipped, and fluorescent images were obtained using laser confocal microscopy (LSM 510, Zeiss, Germany) with a 63ϫ water immersion lens. DHE was excited at 488 nm, and fluorescence emission was detected with a 585-615-nm band pass filter. In addition, autofluorescence intrinsic to the internal elastic lamina, which separates the endothelium from smooth muscles and is present in small arteries, was detected using a 505-550-nm band pass filter (green fluorescence) (23), and transmitted light micrographs of the same sections were obtained. The light micrograph and fluorescence images for DHE and internal elastic lamina were digitally merged to demonstrate anatomical distribution of superoxide. The DHE signals were further analyzed densitometrically using Scion Image software, and the results were expressed as relative densitometric units/unit area.
Inhibition of SK Channel Protein Synthesis by Cycloheximide-To assess SK channel protein turnover in HL-1 cells cultured in NG and HG, we performed experiments using cycloheximide, a protein synthesis inhibitor. After a 2-week culture in NG or HG, HL-1 cells were incubated in fresh NG or HG medium containing 100 g/ml cycloheximide. Cells were harvested after 6 h, and the levels of SK2 and SK3 protein expression were evaluated by Western blot analysis. Cells not treated with cycloheximide were used as a control.
Statistical Analysis-Data are presented as mean Ϯ S.E. Oneway analysis of variance followed by Tukey test was used to compare data from multiple groups. A paired t test was used to compare data before and after drug treatment. Pairwise comparisons among groups were also performed using Fisher's exact test. Statistical significant difference was defined as a p value Ͻ0.05.
RESULTS

Protein Expression of SK2 and SK3 Is Down-regulated in
Diabetic Mouse Atria-After 8 weeks of DM, protein expression of SK2 and SK3 was dramatically down-regulated by 85 and 92%, respectively, in mouse atria (n ϭ 3, p Ͻ 0.05 for both versus control). In contrast, expression of SK1 remained unchanged, suggesting that the down-regulation of the SK channel is isoform-specific ( Fig. 1, A and B) . Similar findings were observed in type 2 diabetic db/db mouse atria (data not shown).
We then determined whether the down-regulation of SK2 and SK3 channel protein expression was due to down-regulation of their mRNA expression using real time PCR techniques. There was no significant change in the levels of atrial SK1 and SK2 mRNA expression between control and diabetic mice, but diabetic atria showed a 2.3 Ϯ 0.5-fold increase in SK3 mRNA (n ϭ 6, p Ͻ 0.05 versus control) (Fig. 1C) . These results suggest that the down-regulation of SK2 and SK3 protein expression in diabetic mouse atrium is not due to the down-regulation of mRNA for these channel isoforms.
For comparison, we examined the effects of DM on the protein expression of other cardiac ion channels, including Cav1.3, HERG, KCNQ, and Kir6.2. The protein levels of these ion channels were not altered in diabetic mouse atria compared with control mouse atria (n ϭ 7, p not significant for all versus control) ( Fig. 1, D and E) . These results suggest that not all cardiac ion channels are down-regulated in the diabetic mouse atria and that the changes in SK2 and SK3 are relevant to the pathologic changes in atrial electrical remodeling associated with DM.
Protein Expression of SK2 and SK3 Is Down-regulated in HL-1 Cells Cultured in High Glucose-When the mouse atrial cardiac myocyte cell line HL-1 was cultured in HG (25 mM), the protein expression of SK2 and SK3 was significantly down-regulated by 42 and 56%, respectively, compared with cells cultured in NG (5 mM) (n ϭ 8, p Ͻ 0.05 for both versus control). The expression of SK1 in HL-1 cells was not altered by culture in HG, similar to the findings in diabetic mouse atria (Fig. 2, A and B) . In addition, the mRNA expression of SK1 and SK2 was not significantly changed in HL-1 cells cultured in HG, but that of SK3 increased by 6.1 Ϯ 0.1-fold (n ϭ 3, p Ͻ 0.05 versus NG) (Fig. 2C) . These results suggest that HL-1 cells are reasonable surrogates for studying the effects of DM on SK channel expression in atrial myocytes.
Down-regulation of SK Channels in Diabetes
Apamin-sensitive and Total K ϩ Currents Are Down-regulated in Diabetic Atrial Myocytes-To determine the functional consequence of reduced SK2 and SK3 expression in diabetic atria, we measured the apamin-sensitive and total K ϩ currents in freshly isolated atrial cardiac myocytes from control and diabetic mice. Fig. 3A shows representative tracings of whole-cell K ϩ currents recorded in freshly isolated atrial myocytes from control and diabetic mice at baseline and after exposure to 100 pM apamin. Apamin significantly inhibited both the inward and outward components of total K ϩ currents in control mice but had very little effect in diabetic atrial myocytes. The currentvoltage relationships of SK and total K ϩ currents in control and diabetic mouse atrial myocytes are shown in Fig. 3B . SK current densities were markedly reduced in diabetic mice compared with controls ( Fig. 3B, left panel) . These were associated with significant decreases in total K ϩ current densities at the action potential plateau voltages of ϩ10 to Ϫ10 mV in diabetic myocytes ( Fig. 3B, right panel) .
Action Potential Durations Are Prolonged in Diabetic Atria-We then sought to determine the role of SK channels in the regulation of atrial electrophysiology by direct recordings of action potentials from isolated atrial myocardial tissue from control and diabetic mice. Atrial tissues were stimulated at a CL of 300 ms, and resting membrane potentials, action potential amplitudes, APD50, and APD90 were measured at baseline and after exposure to apamin (100 pM for 15 min). Representative tracings are shown in Fig. 4 . APD50 and APD90 were significantly prolonged in diabetic mouse atria compared with control, and exposure to apamin had no significant effect on APD in the diabetic atria (Table 1) .
Spontaneous Atrial Arrhythmias Are More Prevalent in DM-To further evaluate the abnormalities in atrial electrophysiology in DM, we recorded arrhythmias from isolated atrial tissues from control and diabetic mice. Arrhythmias in the form of spontaneous premature beats, early after-depolarizations, and early after-depolarization-induced trigger activities were absent in control preparations (0 of 11). However, such arrhythmias were significantly more prevalent in diabetic preparations (5 of 12) (p Ͻ 0.05 versus controls). Fig. 5 shows representative tracings of such arrhythmias recorded in atrial preparations from diabetic mice.
The effects of diabetes on atrial arrhythmias were mimicked by exposure to apamin (100 pM for 30 min). Atrial arrhythmias were observed in 10% (2 of 20) of control atria but in 36.4% (8 of MARCH 13, 2015 • VOLUME 290 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 7019 22 , p Ͻ 0.05 compared with control) of preparations after treatment with apamin. These results suggest that down-regulation and inhibition of SK currents are arrhythmogenic.
Increased Oxidative Stress in Diabetic Mouse Atria-We measured and compared the levels of ROS in control and diabetic mouse atria by using fluorescence microscopy with DHE. The DHE fluorescence images from control atria showed only low levels of ROS, which was represented by red fluorescence. However, under identical imaging settings and experimental conditions, atrial sections from diabetic mice showed marked bright red fluorescence, indicating elevated levels of oxidative stress (Fig. 6A) . These results suggest that the increased levels of ROS might be involved in the abnormal SK channel expression in DM.
In support of this premise, the protein expression of SK2 and SK3 was reduced by 51 and 49%, respectively, in HL-1 cells cultured with NG after a 24-h incubation with 50 M H 2 O 2 (Fig.  6, B and C) . In contrast, the protein expression of SK1, CACNA1C, and Kir2.1 channels was unaltered in these cells under the same conditions (Fig. 6D ). Hence, exogenous H 2 O 2 mimicked the effects of HG on SK2 and SK3 protein downregulation. These results suggest that not all cardiac ion channels in HL-1 cells are down-regulated by H 2 O 2 and that the changes in SK2 and SK3 are relevant to the pathologic changes in atrial electrical remodeling associated with oxidative stress.
To further elucidate the involvement of O 2 . in HG-induced down-regulation of SK channels in HL-1 cells, the cells were pretreated for 24 h with a cell-permeable O 2 . scavenger, Tiron (10 mM). Tiron attenuated the down-regulation of SK2 and SK3 in HL-1 cells cultured with HG ( Fig. 7, A and B) , resulting in preservation of SK2 and SK3 channel expression. These results indicate that ROS may play a central role in SK channel downregulation in DM. Further molecular evidence of such a mech- showing that SK2 and SK3 protein expression was significantly down-regulated in HG culture, whereas that of SK1 was not (n ϭ 8). * represents p Ͻ 0.05 versus controls. C, group data showing relative mRNA expression of SK1, SK2, and SK3 in HL-1 cells cultured in NG and HG (n ϭ 3). There was no significant difference for SK1 and SK2 mRNA between NG and HG culture, but that of SK3 was increased by more than 6-fold in HG. * represents p Ͻ 0.05 versus NG. Error bars represent S.E. anism was provided by immunoprecipitation experiments using anti-nitrotyrosine antibodies. HL-1 cells cultured in HG showed a 5.2-fold increase in SK2 and a 4.7-fold increase in SK3 tyrosine nitration (n ϭ 3 for both, p Ͻ 0.05 versus NG for both) (Fig. 7, C and D) . Similar experiments did not show an increase in SK1 tyrosine nitration (Fig. 7E ). Furthermore, after treatment with Tiron, immunoprecipitation experiments showed a significant reduction of protein tyrosine nitration of SK2 and SK3 in HL-1 cells cultured in HG (Fig. 7F) . These results suggest that posttranslational modification of these channels by ROS may underlie the molecular mechanism of channel down-regulation.
To determine whether there is increased turnover of SK2 and SK3 in HG, we treated HL-1 cells in NG and HG for 2 weeks and then examined the effects of protein synthesis inhibition by cycloheximide (100 g/ml for 6 h) on the level of SK2 and SK3 protein expression. After 6 h of cycloheximide treatment, the level of SK2 was reduced by 36% in NG but by 69% in HG (n ϭ 3, p Ͻ 0.05) (Fig. 8, A and B) . Similarly, after 6 h of cycloheximide treatment, the level of SK3 was reduced by 65% in NG and by 92% in HG (n ϭ 3, p Ͻ 0.05) (Fig. 8, A and C) . These results confirmed that SK2 and SK3 channel protein turnover is accelerated in HG, leading to the down-regulation of channel expression.
DISCUSSION
In this study, we have made several important observations. First, the expression of SK2 and SK3 is dramatically down-regulated in diabetic mouse atria, whereas that of SK1 is not, suggesting that the changes in DM are isoform-specific. Second, the down-regulation of SK2 and SK3 in diabetic mouse atria is not due to down-regulation of mRNA expression; hence, is not the result of transcriptional control. Third, the down-regulation of SK channels results in the down-regulation of apaminsensitive K ϩ currents in diabetic atrial myocytes with prolongation of atrial action potential durations, indicating that these changes are physiologically relevant. Fourth, the changes of SK channels in DM are mimicked by culturing HL-1 cells in HG and by exposing them to H 2 O 2 , thus pointing toward oxidative stress as the culprit causing these changes. Fifth, there is compelling evidence that DM and HG produce increased post-translational modification of SK channels by ROS, which may lead to protein instability and channel dysfunction; meanwhile, the effects of oxidative stress can be abro- . Action potential recordings from control and diabetic mouse atrial preparations. A, representative action potential recordings in freshly isolated atrial tissue from a control mouse elicited by electrical impulses at a CL of 300 ms. B, superimposed action potentials from control and diabetic atrial myocytes paced at a CL of 300 ms. Action potentials were prolonged in DM. Exposure to apamin (100 pM for 15 min) produced action potential prolongations in controls (C) but had no effect in diabetic mouse atria (D). MARCH 13, 2015 • VOLUME 290 • NUMBER 11 gated by an ROS scavenger. These findings provide novel insights into the role of SK channels in the regulation of atrial electrophysiology in DM.
Down-regulation of SK Channels in Diabetes
SK channels are widely distributed, and their role in the regulation of somatic excitability in the central nervous system is well established, contributing to the action potential after-hyperpolarization as well as regulating spike frequency adaptation and fundamental parameters of excitability (8, 9) . In addition, SK channels are known to be important determinants of endothelial function (24) . However, their role in the heart remains unclear. mRNAs of all three SK isoforms have been detected in mouse atria and ventricles; SK1 and SK2 are more abundant in the atria than in the ventricles, whereas SK3 shows similar levels of expression in both atria and ventricles (11) . It is interesting that we did not observe any down-regulation of SK1 in the mouse atria in DM. Unlike the human SK1, the rodent SK1 has been reported not to form functional homomeric channels (25) . The role of this finding in the regulation of SK1 and in the extrapolation of our findings in the human heart is unclear but may deserve further examination. Atrial myocytes from mice with genetic ablation of SK2 exhibit action potential prolongation and inducible atrial fibrillation (19) . The dramatic down-regulation of SK channels in diabetic mouse atria is associated with significant action potential prolongation, which may lead to an increased propensity for development of atrial arrhythmias in DM.
The role of SK channels in the development of atrial arrhythmias was also suggested by a report that expression of SK2 is up-regulated in the rabbit pulmonary vein but not in Bachmann bundle after a 3-h intermittent burst pacing protocol that resulted in shortening of the pulmonary vein action potential. This effect is Ca 2ϩ -dependent and is abolished by apamin (26) . Although we cannot extrapolate the effects of a 3-h intervention to steady-state changes in chronic pathologic conditions such as DM, these results nonetheless indicate that both upregulation and down-regulation of SK2 may result in arrhythmia development, underscoring the physiological importance of these channels. The role of SK channels in the pathogenesis of AF is further supported by results from a recent genomewide association study that showed that the common variants of KCNN3, which encodes SK3, are associated with lone atrial fibrillation (7) . In addition, SK2 has been implicated in the regulation of atrioventricular nodal physiology (27) . All these findings support the notion that SK channels play an important role in the regulation of atrial electrophysiology and arrhythmogenesis.
Our novel finding that SK channels are significantly downregulated in DM provides further support that SK channels are involved in the atrial electrical remodeling in disease states such as DM. Although patients with permanent AF are known to have shortened atrial refractoriness and action potentials (28) , these changes were thought to be the consequence of AF rather than the cause of AF (29, 30) . It is recognized that the pathogenesis of AF is multifactorial, but once present it alters the electrophysiological properties of the atrial myocardium to promote self-perpetuation of the arrhythmia (28, 29) . Hence, both action potential shortening and action potential lengthening may lead to arrhythmia development. A KCNA5 loss-offunction mutation is associated with idiopathic familial AF (31) . KCNA5 encodes Kv1.5, which underlies I Kur , the ultra-rapid delayed rectifier potassium currents; the associated mutation results in action potential prolongation and development of early after-depolarizations. The down-regulation of atrial SK channels in DM is also associated with APD prolongation and triggered activity from early after-depolarizations. Moreover, the role of SK channels in AF is underscored by the increased inducibility of AF in SK2-null mice (19) . In our study, we found that inhibition of SK channels by apamin resulted in increased incidence of arrhythmia in normal atrial preparations. It is envisioned that the electrophysiological changes resulting from K ϩ channel down-regulation promote the development of "atrial torsade de pointes" for AF initiation. Indeed, a recent report showed that apamin induces early after-depolarizations and torsade de pointes in failing rabbit ventricles, confirming that suppression of SK channels is proarrhythmic (32) .
The mechanism underlying the down-regulation of SK channels in AF is unclear. DM is known to be associated with increased oxidative stress, which we confirmed in the diabetic mouse atria (Fig. 6 ). Our findings that the effects of DM on SK B, a run of atrial tachycardia. The preceding beat showed evidence of an early after-depolarization, and the tachycardia terminates with a depolarization that did not reach threshold, suggesting triggered activity in operation. C, early after-depolarizations from a diabetic mouse atria. MARCH 13, 2015 • VOLUME 290 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 7023 channel expression were mimicked by exposure to H 2 O 2 and abrogated by the antioxidant Tiron ( Fig. 7) suggest that ROS are involved. These contentions were further substantiated by the dramatic increase in tyrosine nitration of SK channels. Superoxide reacts with nitric oxide to form peroxynitrite, a highly reactive oxidizing and nitrating agent that produces an array of biological actions contributing to organ dysfunction, and tyrosine nitration of proteins is a recognized biomarker for endogenous peroxynitrite formation (33, 34) . We have reported that in diabetic rat vessels increased tyrosine nitration of 12-lipoxygenase resulted in loss of function of enzyme activity, leading to impaired vasodilator production and vessel dysfunction (21) . Our findings in this study also suggest that increased oxidative stress in DM causes SK channel down-regulation through post-translational modification of SK channels, resulting in channel inactivation; SK channel down-regulation is also be produced by increased channel protein turnover ( Fig. 8) .
Taken together, our study supports the important functional roles of SK channels in diabetic mouse atria. Moreover, downregulation of the expression of SK2 and SK3 channels results in prolongation of the atrial action potential, which is associated with an increased incidence of arrhythmias, possibly through an increased propensity for early after-depolarizations and triggered activity development. To our knowledge, the present study is the first comprehensive analysis of the changes in three SK channel subtypes and I K,Ca , the calcium-activated potassium currents, in diabetic mice. Our results provide new insights into the mechanisms of cardiac electrical remodeling in diabetes. These findings may have important clinical implications because pharmacological inhibitors of K ϩ channels are commonly used to treat arrhythmias and . scavenger Tiron (10 mM) attenuated the down-regulation of SK2 (A) and SK3 (B) by H 2 O 2 (50 M) in HL-1 cells cultured with HG and NG (n ϭ 3). The abundance of tyrosine-nitrated SK2 (C) and SK3 (D) in HL-1 cells cultured with HG was increased by Ͼ5-fold (n ϭ 3). * represents p Ͻ 0.05. In contrast, tyrosine-nitrated SK1 was not changed by culture with HG in these cells (n ϭ 3, p not significant) (E). After treatment with Tiron, the abundance of tyrosine-nitrated SK2 and SK3 was significantly reduced in HL-1 cells cultured in HG (n ϭ 3 for each; * represents p Ͻ 0.05 versus no Tiron treatment) (F). Error bars represent S.E. FIGURE 8. Increased SK2 and SK3 channel protein turnover in HG. A, immunoblots of SK2 and SK3 and GAPDH in HL-1 cells cultured with NG and HG in the presence and absence of cycloheximide (100 g/ml for 6 h). B, group data showing that SK2 protein turnover was significantly accelerated in HG culture (n ϭ 3). * represents p Ͻ 0.05 versus no treatment with cycloheximide and between cycloheximide-treated cells in NG and HG. C, group data showing that SK3 protein turnover was significantly accelerated in HG culture (n ϭ 3). * represents p Ͻ 0.05 versus no treatment with cycloheximide and between cycloheximide treated-cells in NG and HG. Error bars represent S.E. may potentially contribute to proarrhythmia adverse effects, especially in diabetic patients who have reduced repolarization reserve partly due to SK channel down-regulation.
